Ferromagnets are magnetized permanently in domains that are either parallel or antiparallel to the easy axis directions. The magnetization direction can be manipulated using external magnetic fields or spin currents. Using spin currents, that is, electrons spin, could reduce scattering and enhance the devices operational frequency. The Spin currents are commonly employed to magnetize magnetic storage devices or for logical operations utilizing the spin-transfer torque (STT) effect[@b1][@b2]. In this effect the spin angular momentum of the electrons is transferred to the magnetic moments of the ferromagnetic (FM) film. Spin-based devices use the STT effect to reorient magnetization, such as in magnetoresistive random access memory (MRAM)[@b3]. Two main problems restrict the use of the STT effect in operating devices: First, the STT usually requires the use of complicated materials and systems, and second, the STT effect efficiency is low. Therefore, large electronic currents are required for inducing magnetization. Usually, the currents are of the order of 1 × 10^6^ A cm^−2^, or about 1 × 10^25^ electrons s^−1^ cm^−2^ (refs [@b2], [@b4]). This relatively high current density significantly reduces the total device efficiency and enhances heating effects.

In previous works, it was found that when chiral molecules are self-assembled on gold, the interface has paramagnetic properties[@b5][@b6][@b7][@b8]. A similar process occurs in the Magnetism Induced by Proximity of Adsorbed Chiral molecules, or MIPAC effect. Owing to spin-selective electron transfer, the FM layer underneath the molecules becomes spin-polarized and hence magnetized. The magnetization reversal is achieved despite the fact that less than one electron is transferred per adsorbed molecule. The MIPAC effect originates from the well-known phenomenon in which the formation of a self-assembled monolayer (SAM) of molecules with a large dipole moment involves charge transfer that equalizes the electrochemical potential of the adsorbed layer and the sample surface[@b9][@b10]. The charge transfer induced by the SAM formation is responsible for the interesting room temperature (RT) magnetic properties observed when thiolated molecules are adsorbed onto gold[@b2][@b11][@b12].

In recent years, it has been established that electron transfer through chiral molecules is spin selective[@b13][@b14], namely, specific spin orientation is preferred in the transfer process. This effect is referred to as chiral-induced spin selectivity (CISS) where the spin is polarized either parallel or anti-parallel to the electrons\' velocity according to the handedness of the molecules. Hence, as a result of the CISS effect, spin-polarized electron current is produced that can be used to magnetize ferromagnets. This concept was demonstrated in optical[@b15] and electrical[@b16] based devices by driving electrons through chiral layers.

In this work we combined the two properties, the SAM adsorption-induced charge transfer and the CISS effect, to demonstrate the ability to magnetize a FM layer by adsorption of a SAM made from chiral molecules. These results demonstrate magnetization switching of FM thin layers, which is induced solely by adsorption of chiral molecules (magnetism induced by proximity of adsorbed chiral molecules), where less than 10^13^ electrons per cm^2^ are sufficient to induce the magnetization reversal on a gold-coated thin FM layer with perpendicular magnetic anisotropy. The locality of magnetization switching is achieved by adsorbing the chiral molecules as a self-assembled monolayer (SAM) in selective adsorption areas. The direction of the magnetization depends on the handedness of the adsorbed chiral molecules.

Results
=======

Magnetic force microscopy probing
---------------------------------

The FM structure used was Al~2~O~3~/Pt/Au/Co (thickness-1.5--2.2 nm)/Au (thickness-5 nm), which is perpendicularly magnetized in the out-of-plane (OOP) direction. Different Co layer thicknesses were employed, resulting in different coercive fields ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}) and domain sizes[@b5][@b17][@b18].

The SAMs were made with two enantiomers of the oligopeptide, which are based on α-helix polyalanine L and D (see Methods section). Both oligopeptides were adsorbed onto predetermined areas on the top gold layer, which caps the under-layer and prevents its oxidation. The L and D enantiomers are referred to as AHPA-L and AHPA-D, respectively, throughout this paper.

The electroresist-coated sample was patterned using electron-beam (e-beam) lithography. The molecules were adsorbed only in the designated areas, after removing the electroresist ([Fig. 1](#f1){ref-type="fig"}). Atomic force microscopy (AFM) and X-ray photospectroscopy (XPS) were used to verify the adsorption of the SAM. Different selective adsorption area sizes were tested ranging from 50 × 50 nm^2^ to 1 × 1 μm^2^ ([Fig. 1b](#f1){ref-type="fig"}).

The local magnetization was measured using magnetic force microscopy (MFM), a Hall probe and a superconducting quantum interference device with vibrating sample magnetometer (SQUID-VSM). During all MFM measurements the tip scanned at an elevated height, ∼25--30 nm above the surface, to prevent the topography from influencing the measurement.

The magnetic-induced phase shift in the MFM was measured on the same selective adsorbed areas as the topography ones, as shown in [Fig. 2](#f2){ref-type="fig"}. The slight differences in height between AHPA-L and AHPA-D topography images are attributed to different synthesized purity levels and consequently, to differences in self-assembled monolayer quality. Although the topography appears similar for the two enantiomers ([Fig. 2a,b](#f2){ref-type="fig"}), the measured magnetization is different and correlates with the handedness of the chiral molecules, namely, OOP magnetization that is parallel to the molecules\' major axis for AHPA-L ([Fig. 2c](#f2){ref-type="fig"}) and anti-parallel to the molecules\' major axis for AHPA-D ([Fig. 2d](#f2){ref-type="fig"}). The results were reproducible for many samples and various thicknesses of the cobalt FM layer, and were observed even when the molecules were adsorbed by drop-casting (Methods secion and [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). When the magnetization was recorded over time, we found that it diminished after about nine days. This was true only for samples that were not fully covered with the chiral molecules\' monolayer.

By reducing the dimensions of the selective adsorption area, it was possible to demonstrate a switching of the magnetization on the nanometer scale. The magnetization switching at RT could be observed down to a single domain size. The size of the domains is related to the thickness of the FM layer; therefore, in our samples the minimum size was ∼250 nm ([Fig. 3a](#f3){ref-type="fig"}). The inset of [Fig. 3a](#f3){ref-type="fig"} shows the average domain size without the adsorbed chiral molecules. Since the FM layers are thin, we expect Néel walls and not Bloch walls between magnetic domains, favouring efficient domain wall motion in the plane[@b19]. This property may be useful for moving magnetically induced matrices, thus creating surface memory logic attributes.

When we attempted to probe selective adsorption areas smaller than 250 nm, that is, smaller than the size of a domain in our samples, we managed to see the surface topography but not the MFM magnetic phase image. We attribute this outcome to the inability to reorient magnetization in an area smaller than a single domain size. Furthermore, the MFM magnetic phase measurement of selective adsorption areas patterned on a sample with a very large coercive field on the order of 3,000 Oe (an order of magnitude larger than the proximity-induced coercivity) showed very little response ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). These results further support the existence of the FM-chiral SAM coupling.

Anomalous Hall Effect
---------------------

In order to test a variety of FM thin samples, and because the molecular beam epitaxy (MBE)-grown Co samples are difficult to pattern, additional Anomalous Hall Effect (AHE) measurements[@b20][@b21] were conducted on 7 nm Ni FM e-beam evaporated film, capped with a thin 2 nm gold over-layer (see Methods section). Here too, a similar molecular proximity-induced magnetization behaviour was obtained using this measurement technique with a different magnetic film. It was previously shown that an evaporated 7 nm Ni film on a Si substrate has an OOP easy axis[@b22]. The thin FM Ni layer acts as the conductive channel in which the AHE occurs. As in the MFM measurements, the adsorption of molecules resulted in magnetization switching of the FM layer. Initially, a calibration measurement of the Hall coefficient and the Hall probe asymmetry was done before molecular adsorption was performed[@b15]. Later, the molecules were drop-casted onto the device and dried under inert conditions, without any additional changes made in the electrical setup. Hall measurements were performed after molecules were chemisorbed onto the gold over-layer that covers the conductive Ni channel, resulting in a constant induced magnetic field. Hence, the unchanged nature of the Hall resistance during the time scale shown in [Fig. 4c](#f4){ref-type="fig"} is the manifestation of that fixed induced magnetic field. The resistance was measured, where *V*~y~ is the potential measured between the Hall electrodes and *I*~x~ is the source-drain current.

The results of the AHE measurements are presented in [Fig. 4](#f4){ref-type="fig"}, accompanied by a scheme describing the experimental setup. Since the AHPA-L and AHPA-D molecules induced magnetization in opposite directions, the Hall voltage, *V*~y~, in both cases has an opposite sign, resulting in a change of sign of *R*~xy~. The asymmetry between the values measured for the two enantiomers may result from asymmetry in the current flow through the Hall channel due to differences arising from the fabrication process. Several devices were tested, all of which showed opposite Δ*R*~xy~ signs for the two different enantiomers.

Magnetic moment analysis
------------------------

The MIPAC effect was also verified using a SQUID-VSM. In these studies, the FM layer was 10 Al~2~O~3~\|2 TaN\|1.5 Pt\|0.2 Au\|0.3 Co\|0.7 Ni\|0.15 Co\|1 Au (thicknesses in nanometers). Here the magnetization of the sample was first saturated and then the molecules were deposited. The sample size was 4 × 4 mm^2^ and had a saturation magnetic moment of ±1.5 × 10^−5^ e.m.u., where the sign refers to the direction of the magnetic moment, namely, the plus sign denotes a magnetic moment pointing away from the surface, whereas the negative sign refers to the moment pointing towards the surface. We saturated the magnetization in each sample using an external magnetic field, and then adsorbed the chiral molecules with the opposite sign, which should reverse the magnetization. This was done for both directions of magnetic field. Samples were measured with and without molecules. The molecular-induced magnetization was compared to the saturated magnetization of the sample. We found that the adsorption of the chiral molecules changed the magnetic moment of the sample by about 35% relative to the saturation magnetization, with a positive sign for AHPA-L and a negative one for AHPA-D. Taking into account the molecular density of 10^13^ molecules per cm^2^, sample size and the 35% molecular-induced change in magnetic moment 0.525 × 10^−5^ emu, we can deduce that the magnetic moment per molecule is 3.28 × 10^−18^ e.m.u. Since the MFM measurements show no domain formation under the chiral adsorbed layer, we relate the partial magnetization reversal to the rotation of the magnetic easy axis due to the molecular adsorption angle, as was measured in other materials[@b23][@b24]. The angle of the chiral molecules was measured to be 40° relative to the surface normal. It is important to realize that the orientation of the molecules is defined by this angle and therefore the average direction of magnetization will be perpendicular to the surface normal but with a lower value. [Figure 4c](#f4){ref-type="fig"} inset shows *M(H)* magnetization loop for the sample, comparing between the magnetization loop after AHPA-L adsorption and bare samples. The AHPA-L adsorption shifted the magnetization loop by 10--15 Oe, which is around 50% of the full magnetization value of the sample.

Discussion
==========

The experimental results show that adsorbed chiral molecules induce magnetization switching in the FM samples at RT. We ascribe the observed results to a proximity effect where the wavefunction of the electrons in the FM is coupled to the SAM through the Au layer ([Fig. 5](#f5){ref-type="fig"}). Since only the wavefunction with the preferred spin orientation can penetrate into the SAM, the density of states in the FM is not the same for the two spin orientations and as a result, magnetization in a specific direction is observed. This model explains the dependence of the switching direction upon the adsorption of the two enantiomers. Similarly to the CISS effect, here too the delocalized wavefunction is influenced by the molecules\' chirality. The delocalization of sample surface states, upon adsorption of a top layer, is well documented in the literature[@b17][@b18]. Weak adsorption-induced paramagnetic behaviour was observed when thiolated molecules were adsorbed onto gold[@b5][@b6][@b7][@b8], and the effect of wavefunction penetration from the surface to the adsorbed layer was calculated for various organic-inorganic interfaces[@b25]. From a semi-classical perspective in can be understood that when chiral molecules are adsorbed onto a gold layer covering a Co thin film, the SAM dipoles lower the lowest unoccupied molecular orbital state (LUMO) to be partially below the Fermi level. As a result, electrons are transferred to the SAM and fill the empty states. The transferred electrons are spin-polarized due to the molecules\' chirality. Consequently, stimulated spin-splitting takes place, which dictates the directionality. It was found that up to one electron per molecule can be transferred[@b26]. Therefore, with the SAMs used in the current study, this results in 10^13^ electrons·cm^−2^ that are being transferred. Note that the electrons that transfer to the LUMO state lose coherence much faster than the FM layer electrons.

The results obtained from the SQUID-SVM measurements indicate that the FM magnetization easy axis rotates due to the MIPAC effect. This may explain the reduction in magnetization over time if the film is only partly covered by molecules. This partial coverage leads to greater tilting of the molecules and as a result, to weaker FM molecular coupling. With time, the neighboring FM domains orient the magnetization according to the original orientation. This is attributed to the exchanged interaction that causes the domains outside the selective adsorption areas to gradually reorient the molecular-induced magnetization back to an average state. Longer-lasting magnetization could probably be achieved by changing the ferromagnetic materials and linkers\' angle. The fact that MIPAC affects a very thin layer can be utilized for the specific magnetization of one thin layer in a multilayer structure. Selective etching and adsorption of local chiral molecules can be used to write three-dimensional matrices ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}), which can be moved by domain wall motion.

To summarize, MIPAC presents a way to achieve simple and local magnetization on ferromagnetic material. MIPAC is a surface effect in which OOP magnetization is induced in FM thin films by the adsorption of chiral molecules. The magnetization is realized without the use of an external magnetic field or electrical current. The direction of magnetization depends on the chirality of the adsorbed molecules. The magnetization can be induced on preselected small areas by controlling the adsorption of the chiral molecules. In principle, the magnetization can be localized to an area as small as a single domain, thereby overcoming the tendency of FM materials to become super-paramagnetic on shrinking their size to the dimensions of a single domain. This concept can be used to achieve simple surface spintronic logic devices.

Methods
=======

MFM probing of selective adsorption areas
-----------------------------------------

Thin film samples were grown by the molecular beam epitaxy (MBE) method, in the configuration Al~2~0~3~ (0001)/Pt (5 nm)/Au (20 nm)/Co (1.5--2.2 nm)/Au (5 nm). A Pt buffer layer was deposited at 650 °C to ensure an atomically flat buffer layer surface---sharp streaks were visible in the RHEED image. Crystallographic orientation of the grown layers was as follows: Pt(1110), Au(111), Co(0001) and Au(111). Pt was deposited using an electron gun; Co and Au---from effusion cells. Samples differed in their Co thickness, ranging from 1.5 nm (used most often) to 2.2 nm, thus resulting in different coercive field *H*~*c*~ values, but all had rectangular hysteresis loops for a magnetic field direction perpendicular to the plane, which is characteristic of the OOP easy axis. Hysteresis loops were measured by a polar magneto-optic Kerr effect (P-MOKE) for each sample ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}).

Sample cleaning was performed with N-Methyl-2-pyrrolidone (NMP) at 80 °C for 10 min, followed by washing in isopropanol and water. Owing to FM layer sensitivity to exerted forces, no aggressive cleaning was done (for example, no plasma asher or ozonator). Alignment marks were evaporated in order to locate the adsorption areas, during which samples were spin coated with conventional lift-off resist (LOR) followed by a hard bake for 5 min at 200 °C. After cool down, the samples were then spin-coated with AZ1505 photoresist followed by an additional bake for 90 s at 110 °C. Alignment marks were patterned by Laser writer Microtech LW405B and later developed by AZ726 developer. Marks were produced by evaporation of 15 nm Cr and 150 nm Au at −5 °C, followed by a conventional liftoff procedure of 10 min in NMP at 80 °C, washing in isopropanol and rinsing in water. To pattern selective adsorption areas, PMMA electroresist was spin-coated onto the sample surface followed by a 2 min hard bake at 180 °C, resulting in a 44nm coating layer ([Fig. 1a](#f1){ref-type="fig"}). Test samples that underwent this entire procedure exhibited unchanged magnetic behaviour, suggesting that all samples used were magnetically intact. An e-beam was used to pattern the selective areas of different sizes ranging from 1 × 1 μm^2^ to 50 × 50 nm^2^ ([Fig. 1b](#f1){ref-type="fig"}). Here we used SAMs of opposite chirality: AHPA-L and its mirror image AHPA-D, which are based on α-helix [L]{.smallcaps} and [D]{.smallcaps} amino acids (H-CAAAAKAAAAKAAAAKAAAAKAAAAKAAAAKAAAAK-OH), where C, A, and K represent cysteine, alanine and lysine, respectively. Adsorption was performed under inert conditions. Initially, samples were immersed in absolute ethanol for 20 min, dried in nitrogen and later placed into a solution consisting of 1 mM AHPA-L (or D) in ethanol and left overnight ([Fig. 1c](#f1){ref-type="fig"}). Following the SAM adsorption, the samples were immediately washed in absolute ethanol to remove the un-bonded molecular residue, followed by washing in absolute acetone to remove the remaining PMMA layer, and finally bathed in ethanol again ([Fig. 1d](#f1){ref-type="fig"}). This cleaning procedure was repeated several times (for both AHPA-L and AHPA-D). Although some resist residue still remained, and appeared corrugated in the force microscopy images, the AFM images clearly show the adsorbed SAMs inside the selective e-beam-patterned areas ([Fig. 2a,b](#f2){ref-type="fig"}).

During the MFM measurements, simultaneous topography and magnetic phase images were obtained. The samples were investigated by Atomic Force Microscopy (D3100, Nanoscope V controller, Bruker, Santa Barbara, CA, USA). The AFM non-contact mode and tapping mode were used to determine the magnetic domains simultaneously with the surface topography of the samples. The images, ranging from 1 × 1 to 10 × 10 μm^2^, were obtained in air by using Si probes with Co-Cr coating (MESP, k∼5 N/m, F∼75 kHz, Bruker). Interleave scanning was applied to obtain the magnetic images. For scanning, we raised the tip height to ∼25--30 nm from the surface to prevent the topographic and magnetic forces from interacting. The phase-detection mode was used to collect the magnetic signal, where the signal of the phase shift was around 1.2°. Without a magnetic field, the phase shift was zero, corresponding to the maximum of the resonance peak.

Anomalous Hall Effect measurements
----------------------------------

The AHE device was constructed from a 4 × 40 μm^2^ Hall channel made from 7 nm Ni capped with 2 nm Au on top of a thermally induced SiO~2~ surface. The Au over-layer prevents oxidation of the FM sub-layer. A current of *I*~x~=1 mA was driven along the channel (only in the Ni layer) while Voltage, *V*~y~, was measured perpendicular to the current direction ([Fig. 4a,b](#f4){ref-type="fig"}). The AHE device was placed on a chip and its contact pads were bonded to the chip using gold ball bonders. During the AHE measurements, the device remained attached to its carrying chip, where 4 μl of the 1 mM molecules in ethanolic solution were drop-casted ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}) onto the top of the device and later dried in an inert environment. Drop-casting is used to prevent changes in the assembly of the bonders connecting the sample to the chip, thus ensuring that any change in the Hall Voltage readout is only due to the added molecules.

Data availability
-----------------

The data that support the findings of this study are available from the corresponding author on request.
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![Selective adsorption.\
(**a**) Poly(methyl methacrylate) (PMMA) was spin coated on the top of the sample (red) with the top two layers made of Cobalt (grey) and Gold (yellow). (**b**) Selective areas were patterned using e-beam lithography. (**c**) The sample was immersed in an ethanolic solution containing the organic molecules (AHPA-L or AHPA-D) (blue). (**d**) The molecular residue and remaining PMMA were removed by rinsing in ethanol and acetone several times under inert conditions. Selective adsorption areas ranged from 50 × 50 nm^2^ to 1 × 1 μm^2^ squares. The molecules were adsorbed at a 40° angle relative to the surface.](ncomms14567-f1){#f1}

![Topography and magnetic phase images.\
AFM topography images of the SAMs of AHPA-L (**a**) and AHPA-D (**b**) adsorbed onto ferromagnetic Co thin layers, including *z* (nm) and *x* (μm) scale bars, coated with a 5nm gold over-layer and their corresponding magnetic force microscopy molecular-induced magnetic phase images and colour bars of AHPA-L (**c**) and AHPA-D (**d**) magnetization orientation, displaying the same area as seen in the topography images (scale bar is set to 1 μm).](ncomms14567-f2){#f2}

![Device topography and molecular-induced magnetization.\
(**a**) Magnetic force microscopy magnetic phase image of a molecular-induced magnetization direction by AHPA-L chiral molecules in a matrix of 250 × 250 nm^2^ selective adsorption areas (scale bar is set to 300 nm). The inset shows magnetic domain sizes before adsorbing the molecules (left) with a cross section view (right) along the dashed line. (**b**) Atomic force microscopy topography image of 1 × 1 μm^2^, 500 × 500, 250 × 250, 100 × 100 and 50 × 50 nm^2^ (the latter is shown in the inset) chiral self-assembled monolayer selective adsorption areas (scale bar is set to 500 nm).](ncomms14567-f3){#f3}

![Anomalous Hall effect device configuration scheme and results.\
Current *I*~x~=1 mA is driven along the x-axis, voltage, *V*~*y*~, is measured along the y-axis at room temperature. (**a**,**b**) AHPA-L (AHPA-D) chiral molecules adsorbed onto the conducting channel induce upwards (downwards) magnetization **H** as denoted by a blue (red) arrow, respectively. (**c**) The difference between *R*~*xy*~ for a bare sample and *R*~*xy*~ after AHPA-L (blue) and AHPA-D (red) adsorption. The unchanged Hall resistance seen during the time of measurement is the manifestation of a constant induced magnetic field caused by the molecular adsorption. Different devices display different asymmetries although all have a consistent ΔR~*xy*~ opposite sign for both molecule types. (**c**, inset) Superconducting quantum interference device with vibrating sample magnetometer *M(H)* data for the AHPA-L adsorbed and bare configurations of the thin multilayer sample. The AHPA-L adsorption shifted the magnetization loop by 10--15 Oe, which is around 50% of the full magnetization value of the thin multilayer sample (not the anomalous Hall effect sample).](ncomms14567-f4){#f4}

![Experimental concept.\
In the semi-classical approach the adsorption induces transfer of electrons with a specific spin from the FM layer to the SAM (denoted by the green arrow). Owing to the SAM dipoles, the LUMO is partially below the Fermi level (dashed line). Electrons are transferred to the SAM to fill the now empty states below the Fermi energy. The transferred electrons have a specific spin because of the chirality of the AHPA-D (**a**) or AHPA-L (**b**) molecules. Consequently, splitting in the spin states\' density in the FM is created, hence directional magnetization. (**c**) In the suggested quantum mechanical approach the electronic wave function (green) delocalization induces imbalances in spin-up (blue) and spin-down (red) populations, indicated as anisotropic magnetization **H** pointing upwards or downwards, respectively.](ncomms14567-f5){#f5}
